Background-Advanced age and human immunodeficiency virus (HIV) infection are associated with increased pneumococcal disease risk. The impact of these factors on cellular responses to vaccination is unknown.
Introduction
The success of ART has led to a substantial increase in life expectancy for HIV+ individuals [1] . Approximately one-half of HIV+ individuals living in the United States are estimated to be ≥50 years old [2] . Aging and HIV infection both result in profound immunological changes due to chronic antigenic stress [2] [3] [4] [5] . Similarities and differences, as well as the synergism, between these processes remain poorly understood.
PPV immunization generates impaired antibody responses in both elderly and HIV+ individuals, and effectiveness in preventing pneumococcal disease is controversial [6] [7] [8] [9] . The Advisory Committee on Immunization Practices (ACIP) currently recommends that HIV+ adults receive a single dose of PCV followed by a dose of PPV 8 weeks later (PCV/ PPV) [10] . Superiority of PCV, however, is also questionable, as immunogenicity studies comparing single doses or combined regimens of PCV and PPV have yielded variable results [11] [12] [13] [14] [15] [16] .
Further investigation into the underlying cellular mechanisms responsible for pneumococcal vaccine responses is urgently needed. In humans, evidence suggests that both IgM and switched memory B cells generate antibodies to pneumococcal antigens [17] . Several studies have reported an association between reduced memory B cell subsets and impaired responses to vaccination in elderly and HIV+ individuals [18] [19] [20] [21] . However, these analyses were performed on total rather than antigen-specific B cell populations.
We have previously characterized the phenotype of B cells responding to PPV in young adults, elderly, and HIV+ [22] [23] [24] [25] . The majority of serotype-specific B cells are IgM memory B cells in young, immunocompetent adults [22, 23] . Both elderly and HIV+ adults exhibit significant reductions in this subset that may contribute to decreased vaccine responsiveness [23] [24] [25] . However, unlike the elderly, HIV+ adults lack an increase in the proportion of serotype-specific switched memory B cells. Our data suggest that elderly and HIV+ individuals exhibit distinct perturbations in B cell subsets critical for protection against pneumococcal disease.
Older HIV+ individuals may possess a unique cellular response to vaccination reflecting the combined effects of aging and HIV infection. In the present study, we assessed the phenotype of B cells responding to the recommended PCV/PPV regimen compared to a single dose of PPV in HIV+ adults aged 50-65 years. We also sought to identify differences in surface expression of B cell receptors, including complement receptor CD21 and tumor necrosis factor superfamily receptors (TNFRs) CD40, TACI, and B cell-activating factor receptor (BAFF-R), on serotype-specific B cells that may contribute to vaccine responses.
Methods

Study design
Volunteers 50-65 years old were recruited between April 2012 and January 2015 in this University of Toledo Institutional Review Board-approved study. Written, informed consent was obtained from all subjects. Exclusion criteria included: active infection (except HIV), PPV <5 years prior, pregnancy, immunosuppressive medications, and prior history of splenectomy or other immunocompromising conditions as defined by ACIP vaccination recommendations [10] . Volunteers were questioned about any past hospitalizations. Eligibility criteria for HIV+ participants were further defined as current CD4>200, HIV viral load ≤400 copies/ml, and ART for ≥1 year. HIV-controls received a single dose of PCV (Prevnar 13 ® ; Wyeth Pharmaceuticals, Inc.) at enrollment followed by one dose of PPV (Pneumovax 23 ® ; Merck & Co., Inc.) 8 weeks later (PCV/PPV). HIV+ individuals received either PCV/PPV or a single dose of PPV.
Characterization of serotype-specific B cells
Blood samples were obtained from participants at enrollment and 1 week postvaccination (post-PPV or post-PCV). Total lymphocyte counts were determined using complete blood counts (CBC) with differential. Peripheral blood mononuclear cells (PBMCs) were isolated and stained as previously described [22] [23] [24] [25] . Fluorescently-labeled pneumococcal polysaccharide (PPS) or monoclonal antibodies (BD Biosciences or eBioscience) to the following antigens were used: PPS14-CB, PPS23F-DTAF, CD19 (SJ25C1, APC-Cy7), CD27 (323, PerCP-Cy5.5), IgM (SA-DA4, APC), BAFF-R (8A7, PE), TACI (11H3, PE), CD40 (5C3, PeCy7), and CD21 (B-Iy4, BV421). Total and serotype-specific IgM memory B cells (CD19 + CD27 + IgM + ) and switched memory B cells (CD19 + CD27 + IgM − ) were identified as previously described by our laboratory [22] [23] [24] [25] . Total and serotype-specific B cells were further characterized for expression of CD21, CD40, BAFF-R, and TACI. Flow cytometric analysis was performed on a FACSAria with FACSDiva software (BD Biosciences) and data files were analyzed using FlowJo software (version 7.6.5, Tree Star).
Serotype-specific antibody responses
Quantitative and functional antibody responses at baseline and 1 month post-PPV in study subjects were assessed in a separate study (manuscript submitted). Serotype-specific IgM and IgG serum levels and opsonophagocytic killing assay (OPA) titers were determined as previously described [22] [23] [24] [25] .
Statistical analysis
Participant characteristics are represented as median (interquartile range, IQR) for numerical values and number (percentage) for categorical values. Summary statistics for B cell percentages and counts are expressed as median (IQR). Absolute numbers of total CD19 + B cells (cells/μl) for each subject were calculated by multiplying the percentage as determined by flow cytometry with the lymphocyte count. Baseline comparisons between groups were analyzed by Kruskal Wallis analysis of variance (ANOVA) with Bonferroni correction. Comparisons of pre-to postvaccination serotype-specific B cell percentages were performed using the paired Wilcoxon signed-rank test. Postvaccination comparisons between groups (HIV+ PPV and HIV+ PCV/PPV or HIV+ PCV/PPV and HIV− PCV/PPV) were analyzed using pair-wise multiple comparison. Correlations between serotype-specific B cell subsets and antibody responses were determined by Spearman's correlation coefficient. All statistical analyses were performed using the SAS software package (version 9.3; SAS Institute). P values <0.05 were considered significant.
Results
Subjects
Baseline characteristics are reported in Table 1 . Differences in the distribution of sex and race in HIV− compared to HIV+ subjects were noted. Clinical characteristics, including CD4 count at enrollment and use of ART, were similar between HIV+ groups. A larger proportion of HIV+ participants had been immunized with PPV ≥5 years prior (85%) compared to HIV− (7%). Quantitative and qualitative antibody responses to pneumococcal vaccination were assessed in a separate study (submitted manuscript). Total median B cell percentages and counts were significantly higher in the HIV+ PCV/PPV group compared to HIV+ PPV or HIV−PCV/PPV groups at baseline (P<0.006).
Serotype-specific B cell percentages are lower after PCV/PPV
Using fluorescently-labeled PPS, we evaluated circulating median serotype-specific B cell percentages in subjects pre-and 1 week post-PCV or -PPV (Table 2 ) as previously described [22] [23] [24] [25] . No significant differences in prevaccination serotype-specific B cell percentages were observed between groups. Serotype-specific B cell percentages significantly increased post-PPV for both serotypes in the HIV+ PPV group (P<0.0001). In the HIV+ PCV/PPV group, significant increases in serotype-specific B cells were observed for serotype 23F only post-PCV (P = 0.02) and for both serotypes post-PPV (P<0.01) compared to prevaccination levels. In the HIV group, serotype-specific B cells increased significantly post-PCV for serotype 23F only (P = 0.03) and post-PPV for both serotypes (P<0.02). No significant differences between post-PCV and post-PPV serotype-specific B cell percentages were observed within HIV+ or HIV−PCV/PPV groups.
Comparisons of postvaccination serotype-specific B cell percentages were evaluated between HIV+ PPV and PCV/PPV groups or HIV+ and HIV− PCV/PPV groups. Both post-PCV and post-PPV serotype-specific B cell percentages were significantly lower in the HIV + PCV/PPV group compared to the HIV+ PPV group post-PPV (P<0.007). In contrast, post-PCV and post-PPV serotype-specific B cell percentages were similar between HIV+ and HIV− PCV/PPV groups.
Serotype-specific memory B cell subset percentages are similar after PPV or PCV/PPV
We assessed median frequencies of total B cell memory subsets at baseline by flow cytometry (Figure 1) . IgM memory B cell percentages in HIV+ PPV and PCV/PPV groups Ohtola et al.
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were significantly lower compared to the HIV− PCV/PPV group (P = 0.01). Switched memory B cell percentages were similar between groups.
We compared the phenotypic distribution of serotype-specific B cells between HIV+ PPV and PCV/PPV groups and between HIV+ and HIV− PCV/PPV groups 1 week post-PPV ( Figure 1 ). Serotype-specific B cells were subdivided into IgM memory and switched memory subsets as previously described [22] [23] [24] [25] . No significant differences in median serotype-specific IgM and switched memory B cell percentages were observed between HIV + PPV and HIV+ PCV/PPV groups. Serotype-specific IgM and switched memory B cell percentages were also similar post-PPV in HIV+ and HIV− PCV/PPV groups. Figure 1 ).
There were significant correlations between post-PPV serotype-specific IgM memory B cell percentages and post-PPV antibody responses in the HIV+ PPV group. PPS14-specific IgM memory B cells correlated with serotype 14 OPA titers (r = 0.75, P = 0.0006), and PPS23F-specific IgM memory B cells correlated with PPS23F-specific IgM levels (r = 0.52, P = 0.02). No significant correlations were observed in HIV+ or HIV− PCV/PPV groups between post-PPV or post-PCV serotype-specific memory B cells and post-PPV antibody responses.
Serotype-specific TACI + B cell percentages are lower after PCV/PPV
Surface expression of complement receptor CD21 and TNFRs CD40, BAFF-R, and TACI on total B cells were assessed at baseline (Figure 2 ). Median percentages of total BAFF-R + , CD21 + , and CD40 + B cells were similar between study groups. Total TACI + B cells percentages were also similar between HIV+ groups. However, TACI + B cell percentages were decreased in HIV+ compared to HIV− PCV/PPV groups (P = 0.003).
We compared the expression of these receptors on serotype-specific B cells between HIV+ PPV and PCV/PPV groups and between HIV+ and HIV− PCV/PPV groups 1 week post-PPV ( Figure 2 ). Median percentages of PPS23F-specific CD21 + , CD40 + , and BAFF-R + B cells post-PPV were similar between HIV+ PPV and HIV+ PCV/PPV groups. In contrast, PPS23F-specific TACI + B cell percentages were significantly higher in HIV+ PPV compared to HIV+ PCV/PPV groups (P = 0.03). PPS23F-specific TACI + B cell percentages were similar in HIV+ compared to HIV− PCV/PPV groups. No significant differences in PPS23F-specific BAFF-R + and CD40 + B cell percentages were observed between HIV+ and HIV− PCV/PPV groups. PPS23F-specific CD21 + B cell percentages were significantly lower in HIV+ compared to HIV−PCV/PPV groups (P = 0.02). No significant differences in these receptors were observed on post-PCV PPS23F-specific B cells in HIV+ compared to HIV− PCV/PPV groups (data not shown). Overall, significant differences in receptor Ohtola et al.
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expression were observed between post-PPV PPS23F-specific B cells and baseline total B cells in all study groups (P<0.01, Figure 2 ).
Discussion
In the current study, we assessed B cells responding to the recommended PCV/PPV regimen compared to a single dose of PPV in HIV+ adults 50-65 years old. We identified serotypespecific B cells using fluorescently-labeled PPS as previously described by our laboratory [22] [23] [24] [25] . Serotype-specific B cell percentages post-PPV were significantly lower in the HIV + PCV/PPV group compared to the HIV+ PPV group, suggesting that an initial dose of PCV limits the frequency of responding B cells after revaccination with PPV. In contrast, PPV or PCV/PPV in HIV+ subjects generated antibody responses of similar magnitudes (submitted manuscript). No significant differences in serotype-specific B cell percentages were observed between HIV+ and HIV− PCV+ PPV groups. However, post-PPV IgG levels and OPA titers were significantly reduced in the HIV+ PCV/PPV group, further emphasizing a discrepancy between serotype-specific cellular and antibody responses. We assessed peripheral blood samples 1 week postvaccination when the frequency of antigen-specific B cells is highest [22, 23, 26] . Analysis of circulating B cell populations excludes other B cell compartments, such as lymph node or spleen, where antigen-specific B cells may be located. PPS contained in PPV, due to their repetitive nature, activate B cells without direct T cell interactions and promote extrafollicular proliferation. Conjugation of PPS to an immunogenic carrier protein, as in PCV, is thought to preferentially drive antigen-specific B cells towards germinal center responses [27] . Thus, assessment of circulating serotypespecific B cells after PCV may not accurately represent the total population of responding B cells.
The phenotypic distribution of serotype-specific B cells was similar in HIV+ subjects regardless of whether they received PPV or PCV/PPV. Significant variations in serotypespecific antibody titers and antibody-secreting cells still occur with conjugate vaccines [28] despite induction of strong carrier-protein specific memory T cell responses [28, 29] . Therefore, the phenotype of serotype-specific B cells generated in response to PCV or PPV may be influenced by the existing B cell repertoire more so than the presence of T cell responses. In addition, no significant differences were observed in serotype-specific IgM and switched memory B cell percentages between HIV+ and HIV− PCV/PPV groups post-PCV or -PPV. Further investigation is needed to determine if alternative vaccination regimens including multiple doses of PCV will have the same impact on circulating serotype-specific B cells subsets.
Other studies have assessed B cell populations after conjugate vaccination in HIV+ or elderly subjects [30] [31] [32] . Reduced frequencies of circulating serotype-specific B cells in PCV/PPV participants observed in our study contrasts the findings of Baxendale et al. [31] and Clutterbuck et al. [32] who reported no change or increases in antigen-specific B cell populations with PCV compared to PPV, respectively. Marked differences in study design and time points, methodologies, vaccination regimens, and subjects render these studies incomparable. However, collectively these findings suggest memory B cell subsets are important for humoral responses to pneumococcal vaccination.
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Evidence suggests IgM memory B cells in humans are critical for defense against pneumococcal infection [33] . We have previously observed significant correlations between serotype-specific IgM memory B cells and OPA titers in both HIV− and ART-treated HIV+ adults post-PPV [22, 24] . In the current study, post-PPV PPS14-specific IgM memory B cell percentages also significantly correlated with post-PPV serotype 14 OPA titers in the HIV+ PPV group. In contrast, serotype-specific IgM memory B cells poorly correlated with antibody responses in the HIV+ PCV/PPV group. This lack of correlation may be associated with the lower frequency of circulating serotype-specific B cells post-PCV and post-PPV. Postvaccination serotype-specific memory B cell subsets also poorly correlated with antibody responses in the HIV− PCV/PPV group. It remains to be determined whether testing total or serotype-specific memory B cell populations in high risk individuals, such as the elderly or HIV+, can be used to predict vaccine responses. Our findings suggest that associations between post-PPV serotype-specific B cells and antibody responses may be difficult to determine after an initial dose of PCV.
Complement receptor CD21 and TNFRs, including CD40, BAFF-R, and TACI, are critical in the generation of antibody responses to T cell-dependent (TD) and/or -independent (TI) antigens. BAFF-R and TACI are innate mediators of B cell differentiation, activation, and class switching [34] . We evaluated whether an initial dose of PCV alters surface expression of these receptors on PPS23F-specific B cells after revaccination with PPV. No significant differences in PPS23F-specific CD21 + , CD40 + , or BAFF-R + B cell percentages were observed between HIV+ PPV or PCV/PPV groups. In contrast, PPS23F-specific TACI + B cells percentages post-PPV were significantly higher in HIV+ PPV compared to HIV+ PCV/PPV groups, suggesting that PCV influences TACI expression after subsequent vaccination with PPV. Moreover, no significant differences were observed in TACI + PPS23F-specific B cells percentages post-PPV in HIV+ and HIV− PCV/PPV groups.
TACI is essential for humoral responses to TI antigens including PPS [34, 35] . Individuals at high risk for pneumococcal disease, including infants and subgroups of common variable immunodeficiency (CVID) patients, exhibit decreased antibody secretion due to reduced [36] or mutated [37] TACI expression. Higher percentages of PPS23F-specific TACI + B cells post-PPV observed in the HIV+ PPV group further support a role for TACI in TI responses. TACI is also thought to be a negative regulator of CD40-mediated antibody production [34, 38] . We observed a significant, negative correlation between TACI + and CD40 + PPS23F-specific B cells in the HIV+ PPV group (r = −0.63, P = 0.04), but not PCV/PPV group (r = −0.17, P = 0.54). The molecular mechanisms responsible for differential expression remain to be investigated. Alternatively, our findings may represent PPS-induced hyporesponsiveness to PPV and not a direct effect of prior PCV. However, this is unlikely as PPS23F-specific TACI + B cell percentages post-PCV were similar to post-PPV in both HIV+ and HIV− PCV/PPV groups (data not shown).
CD21 provides a critical secondary signal for B cell activation in response to TI antigens, and reduced expression is associated with impaired antibody responses to PPS [39, 40] . HIV viremia results in expansion of abnormal peripheral CD21 lo B cells associated with exhaustion and increased cell turnover [41, 42] . Control of viremia with ART appears to significantly reduce these populations [43] . Consistent with this finding, no difference was Ohtola et al.
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observed in CD21 expression on total B cells between HIV+ and HIV− PCV/PPV groups. However, PPS23F-specific CD21 + B cell percentages post-PPV were significantly lower in HIV+ compared to HIV− PCV/PPV groups and may contribute to the diminished antibody responses generated in our HIV+ subjects (submitted manuscript).
We recognize that the current study has limitations. Although our sample size was limited, we observed distinct differences in serotype-specific B cell responses to PPV compared to PCV/PPV. It is unclear whether PCV has a similar impact on other vaccine serotypes. In addition, we were unable to evaluate TNFR expression on serotype-specific IgM and switched memory B cell subpopulations due to the low frequency of cells available for analysis. It thus remains to be determined whether TNFR expression is differentially regulated on serotype-specific B cell memory subsets.
Collectively, our findings indicate that an initial dose of PCV alters the overall frequency and surface TACI expression of serotype-specific B cells after revaccination with PPV. It remains unclear whether the alterations due to prior PCV confer any immunological advantage, as postvaccination antibody responses in HIV+ PPV and PCV/PPV groups were similar (submitted manuscript). In contrast, PCV had no impact on the phenotypic distribution of serotype-specific B cells. Our study emphasizes the need for continued investigation into signaling mechanisms that regulate B cell responses. Utilization of TI and/or TD stimuli to enhance B cell responses may be the key to improving pneumococcal vaccination strategies in high risk adult populations, such as the aging HIV+, where vaccine responses are suboptimal. Evidence from murine studies indicates that Toll-like receptors (TLRs) can serve as effective adjuvants to both TI and TD components of encapsulated bacteria [34, 35] . In support of this concept, addition of a TLR9 agonist to the 7-valent conjugate vaccine increased the proportion of HIV+ patients with high antibody responses [44] . Percentages of BAFF-R, TACI, CD21, and CD40 positive total and PPS23F-specific CD19 + B cells were determined by flow cytometry in HIV+ PPV (n=11), HIV+ PCV/PPV (n=15), and HIV− PCV/PPV (n=16) subjects. PCV/PPV groups received PCV followed by PPV 8 weeks later. Graphs represent total B cell percentages at baseline and serotype-specific B cell percentages 1 week after vaccination with PPV (post-PPV). Scatter dot plots include median (horizontal black line) with interquartile range. Abbreviations: PPS, pneumococcal polysaccharide; HIV, human immunodeficiency virus; PPV, 23-valent pneumococcal polysaccharide vaccine; PCV, 13-valent pneumococcal conjugate vaccine. *P<0.05, **P<0.01, ***P<0.001.
HIV human immunodeficiency virus
Ohtola et al.
Page 13
Vaccine. Author manuscript; available in PMC 2017 January 20. Table 1 Baseline Characteristics. Vaccine. Author manuscript; available in PMC 2017 January 20.
